Introduction
Reactive oxygen species (ROS) are oxygen-based molecules characterized by high chemical reactivity that play a key role in many physiological and pathophysiological processes. ROS include radicals such as superoxide (O2−radical dot) and hydroxyl (OHradical dot) and non-radicals such as hydrogen peroxide (H2O2). While oxidative stress (where pro-oxidants overwhelm antioxidant capacity, leading to excess ROS levels) is well known to damage macromolecules, membranes and DNA, the tightly regulated production of ROS also has important biological effects by modulating the activity of diverse intracellular signaling pathways involved in cell survival, growth, metabolism and motility (termed 'redox signaling') [1] and [2] . The NADPH oxidase family of enzymes generate O2−radical dot in a highly regulated manner by catalyzing electron transfer from NADPH onto molecular O2 and are thought to be especially important in redox signaling [3] , [4] and [5] . Emerging evidence suggests the involvement of NADPH oxidase-derived ROS in a range of cardiac physiological and pathophysiological processes.
Sources of ROS in the heart
All cell types within the heart, including cardiomyocytes, endothelial cells, vascular smooth muscle cells (VSMCs), fibroblasts and infiltrating inflammatory cells generate ROS. Potential sources of ROS in these cell types include the mitochondrial electron transport chain, xanthine oxidases, 'uncoupled' nitric oxide synthases, cytochrome P450 and NADPH oxidases. Among these sources, the NADPH oxidases may be considered unique in that they generate ROS in a highly regulated manner whereas ROS are generated as a by-product of enzymatic activity for all the other sources [3] , [4] and [5] . Furthermore, NADPH oxidases can stimulate further ROS production from one or more of the above enzymes, thereby being able to act as initiating sources of ROS. O2−radical dot is the first moiety that is generated by NADPH oxidases (or most of the other sources) and can be rapidly dismutated to H2O2. The biological effects of ROS are expected to depend on the specific moiety generated, its localisation and the relative balance between levels generated and the activity of antioxidant mechanisms; most signaling effects of ROS are considered to be mediated by H2O2 which is more stable and diffusible than O2−radical dot.
NADPH oxidase isoforms
The prototypic NADPH oxidase is a multi-subunit enzyme complex that was first identified in neutrophils, where it is involved in non-specific host defence against microbes during phagocytosis. In the last decade, five oxidase isoforms each encoded by a separate gene and with distinct tissue distribution have been identified [3] and [5] . These isoforms are distinguished by the presence of distinct catalytic subunits, Nox1-Nox5, which mediate the electron transfer process; Nox2 (or gp91phox) is the original neutrophil isoform. In addition to the core catalytic Nox subunit, the enzymatic activity of the oxidase depends on additional protein subunits, which vary according to the isoform. Nox1-Nox4 -each associates with a smaller p22phox subunit, which provides stability to the complex. Nox1 and Nox2 require the association of additional protein subunits in order to become fully activated. In the case of Nox2, these are 4 cytosolic regulatory subunits, namely p47phox, p67phox, p40phox and Rac1 or Rac2, whereas Nox1 associates with Rac1 and homologues of p47phox and p67phox named NoxO1 and NoxA1 respectively. The Nox catalytic subunits contain 5-6 transmembrane domains, binding sites for NADPH and FAD (flavin adenine dinucleotide), and two haem domains that can undergo cyclical reduction and oxidation. Nox5 differs from Nox1-4 in having an additional calmodulin-like cytoplasmic domain that contains four binding sites for calcium, allowing its activation by cytosolic calcium [6] . Two further, more complex enzymes called the Duoxes contain domains homologous to the Noxs and a calcium-binding domain, but in addition also have a "peroxidase-homology" domain [3] and [5] ; there is no evidence so far that these have important roles in the cardiovascular system and they are not considered further here.
In the cardiovascular system, Nox1 is expressed mainly in VSMCs [7] . Nox2 is expressed in endothelial cells [8] and [9] , cardiomyocytes [10] , [11] and [12] , fibroblasts [13] and some VSMCs [14] . Nox4 is expressed in endothelial cells [15] , VSMCs [16] , cardiomyocytes [17] and [18] and fibroblasts [19] . Nox3 is not expressed in cardiovascular cells while Nox5 has been reported in human endothelial cells and smooth muscle cells but is not found in rodents [20] and [21] . The cytosolic components of the classical NADPH oxidase -i.e., p47phox, p67phox, p40phox and Rac1 -have been detected at both mRNA and protein levels in most cardiovascular cells except for p67phox which could not be detected in cultured VSMCs [22] . Fig. 1 illustrates the main Nox isoforms expressed in the myocardium. 
NADPH oxidase activation and downstream signaling
A wide range of agonists and stimuli can activate NADPH oxidases in cardiovascular cells [22] , [23] and [24] . These include (i) G-protein coupled receptor agonists (GPCRs) such as angiotensin II, endothelin-1 and α-adrenergic agonists; (ii) growth factors, e.g. thrombin and vascular endothelial growth factor (VEGF); (iii) cytokines, e.g. tumor necrosis factor-α (TNF-α) and transforming growth factor β (TGFβ); (iv) mechanical forces; (v) metabolic factors, e.g. insulin, glucose and free fatty acids, glycated proteins; and (vi) hypoxia-reoxygenation. The details of the specific isoform(s) activated by these stimuli remain to be fully established and may vary according to cell type. The majority of information to date is derived from analyses of Nox1 activation in VSMCs [23] and [25] and Nox2 activation in endothelial cells [26] , [27] , [28] and [29] , with only a handful of studies examining Nox isoform-specific activation in cardiomyocytes [11] and [30] .
The activation of Nox1 or Nox2 is a complex process that involves multiple post-translational modifications of oxidase regulatory subunits (notably p47phox and Rac), which facilitate their translocation and binding to the Noxp22phox heterodimer, followed by activation of electron transfer (reviewed in refs. [4, 5] ). The complexity of this highly regulated stimulus-initiated process would appear to be well suited for involvement in cell signaling pathways. Recent studies suggest that such cell signaling may be facilitated by the assembly of signaling complexes including receptors, NADPH oxidase components and downstream signaling targets in cellular microdomains such as endosomes [31] and [32] . In marked contrast to Nox1 and Nox2, Nox4 is reported to be constitutively active and not to require association with any known cytosolic regulatory subunits for its activation [33] and [34] . Nevertheless, it has been reported to specifically modify signal transduction induced by insulin and epidermal growth factor [35] , [36] and [37] and a recent study suggests that this may involve specific modulation of receptor activation and trafficking at the level of the endoplasmic reticulum [35] . In addition to the above acute mechanisms, changes in expression level of the different proteins required for the fully activated Nox complex (e.g. through transcriptional pathways) may also influence enzyme activity [4] and [5] . All NADPH oxidases require NADPH as an electron donor and it has recently been suggested that NADPH availability could also influence oxidase activity in some settings [38] .
In this regard, the activity of glucose-6-phosphate dehydrogenase could be important since this is a key determinant of NADPH levels in the cell.
Nox-derived ROS may mediate their effects through diverse downstream signaling pathways including: (i) the activation of redox-sensitive kinases [such as protein kinases B and C, members of mitogen activated protein kinase (MAPK) family and Janus kinase (JAK)] either indirectly via inhibition of protein tyrosine phosphatases or directly; (ii) altering the activity of redox-sensitive transcription factors such as activator protein-1 (AP-1), nuclear factor-kappa B (NF-κB), hypoxia-inducible factor-1 (HIF-1) and signal transducer and activator of transcription (STAT); and (iii) direct effect on enzymes [e.g. matrix metalloproteinases (MMPs)], ion channels or receptors. This topic has been comprehensively covered in recent reviews [4] , [5] , [24] , [25] and [39] , and in the current article we limit our discussion to effects in the myocardium.
Effects of NADPH oxidase on calcium signaling
The regulation of Ca2+ in cardiac myocytes is centrally important not only in excitation-contraction coupling but also in many other processes such as the regulation of gene expression and cellular energetics. ROS are recognized to be capable of influencing cellular Ca2+ regulation at several levels, notably via redox modifications of key amino acid residues involved in the function and gating properties of intracellular and plasma membrane ion channels and transporters -e.g., L-type channels, the Na+/Ca2+ exchanger, the sarcoplasmic reticulum (SR) ATPase (SERCA) and the ryanodine receptor [40] and [41] . Recent studies have started to address the role of NADPH oxidase-derived ROS in these effects.
It has been reported that ryanodine receptor-mediated Ca2+-induced Ca2+ release in rat cardiac myocytes is inhibited by an endogenous NADH oxidase activity in the SR, although the molecular nature of this oxidase was not established [42] . In contrast to this study, Sanchez et al. [43] reported the presence of Nox2 NADPH oxidase activity in canine cardiac SR and showed that oxidase activation increased S-glutathionylation of ryanodine receptors and hence SR Ca2+ release -effects which were abrogated by apocynin (a purported Nox inhibitor, but which may act as a non-selective antioxidant). The same group also showed that oxidase activity and the effects on SR Ca2+ release were augmented by tachycardia [44] . O2−radical dot produc on by NADPH oxidase on the SR of bovine coronary artery smooth muscle cells has also been shown to regulate calcium-induced calcium release [45] . In isolated cardiac myocytes, plasma L-type Ca2+ channel open-state probability was reportedly increased by endothelin-1 together with enhanced NADPH oxidase activity, effects which were abolished in cardiomyocytes pre-treated with a specific NADPH oxidase inhibitor, gp91ds-tat [46] . These studies suggest that NADPH oxidases may acutely regulate at least two channels directly involved in intracellular Ca2+ homeostasis, i.e. the L-type Ca2+ channel and the ryanodine receptor.
NADPH oxidases have also been reported to modulate the activities of other ion channels. In streptozotocin-induced diabetes in rats, membrane K+ currents were attenuated secondary to increased angiotensin II-induced NADPH oxidase activation [47] . Angiotensin II-induced swelling-activated Cl− current in rabbit ventricular myocytes involved NADPH oxidase activation, and was inhibited by a range of inhibitors including gp91ds-tat [48] . Interestingly, ROS generated by NADPH oxidase may also modulate the expression of ion channels. Zhou et al. [49] found that Kv4.3 channel mRNA was destabilized by angiotensin II-or stretch-activated NADPH oxidase in neonatal rat ventricular myocytes, while Tsai et al. [50] reported that expression of the L-type channel alpha1c subunit was increased by angiotensin II through a protein kinase C/NADPH oxidase pathway in HL-1 cells. In H9c2 myocytes or freshly isolated myocytes, angiotensin II decreased Na+ channel (scn5a) mRNA abundance via NADPH oxidase and NF-κB activation [51] . All the above angiotensin II-induced effects are likely to involve Nox2 oxidase activation.
Cardiac hypertrophy
Cardiac hypertrophy is an independent risk factor for the development of heart failure and a major cause of morbidity and mortality. Multiple intracellular signaling pathways are implicated in the genesis of cardiac hypertrophy, including various redox-signaling pathways [52] . Studies of hypertrophy in isolated cultured cardiomyocytes found an important role for intracellular ROS generation in response to α-adrenergic agonists [12] , angiotensin II [53] , endothelin-1 [54] and TNF-α [53] , and Xiao et al. [12] provided pharmacological evidence that α-adrenergic-induced hypertrophy involved NADPH oxidase. Work from our group found that NADPH oxidase activity was enhanced in pressure-overload cardiac hypertrophy in association with increased Nox2 oxidase expression in both cardiomyocytes and endothelial cells, and that this paralleled the activation of the redox-sensitive kinases ERK1/2, ERK5 and p38MAPK [55] . It has also been shown that NADPH oxidase subunit expression and activity are increased in the myocardium of human failing hearts [56] , [57] and [58] , suggesting the importance of this pathway in humans.
Definitive evidence for the involvement of NADPH oxidases in pathological hypertrophy came from experiments in genetically modified mice. We found that the in vivo cardiac hypertrophic response to short-term subpressor angiotensin II infusion was markedly inhibited in Nox2−/− mice compared to wild-type, and that this was associated with a blunting of the increase in molecular markers of hypertrophy such as ANF mRNA [10] . In line with this finding, angiotensin II-induced hypertrophy of isolated cardiomyocytes was subsequently also definitively shown to involve the activation of Nox2 oxidase [11] . Further strong evidence for an involvement of Nox2 in the in vivo hypertrophic response to angiotensin II came from a study in mice with conditional cardiac-specific knockout of Rac1, which had blunted hypertrophy as well as reduced myocardial Nox2 oxidase activity [59] . On the other hand, mice with cardiacspecific overexpression of Rac1 displayed a cardiomyopathic phenotype characterized by hypertrophy and dilatation, although it should be noted that Rac1 may have multiple additional effects apart from acting as a co-factor for NADPH oxidase activation [60] . Nevertheless, these data are in agreement with prior studies where transfection of cultured neonatal cardiomyocytes with a constitutively active Rac1 mutant induced hypertrophy whereas a dominant-negative Rac1 mutant inhibited the hypertrophic response to phenylephrine [61] and [62] .
In contrast to angiotensin II-induced hypertrophy, the hypertrophic response to aortic banding was found to be similar in Nox2 knockout mice and wild-type controls both by our group [17] and by Maytin et al. [63] . However, we found that aortic banding induced similar increases in myocardial NADPH oxidase activity in wild-type and Nox2−/− mice, which could be attributed to increased expression of Nox4 mRNA and protein levels [17] . Furthermore, chronic treatment with the antioxidant N-acetylcysteine attenuated hypertrophy in both groups of mice. These results indicate that Nox2 is not essential for the development of pressure-overload hypertrophy and that other sources of ROS (including possibly Nox4 oxidase) may be involved in the response to chronic pressure-overload.
The pro-hypertrophic signaling pathways triggered by NADPH oxidase-derived O2−radical dot in cardiomyocytes remain to be fully defined. Nonetheless, current evidence supports the involvement of the following pathways: (i) ERK-1/2 [12] and [64] and the small GTPase Ras [65] in response to α-adrenergic agonist stimulation and angiotensin II [59] and [66] , (ii) MAPKs in pressure-overload hypertrophy [55] and (iii) NF-κB and apoptosis-signal-regulated kinase 1 (ASK-1) in response to angiotensin II infusion [59] . The involvement of ASK-1 is further supported by the finding that the in vivo hypertrophic response to angiotensin II is attenuated in ASK-1 knockout mice [67] and that the hypertrophic response to GPCR agonists is inhibited in cultured cardiomyocytes expressing a dominant-negative mutant of ASK-1 [54] . ASK-1 is upstream of p38MAPK and JNK in the MAPK signaling cascade, and both of these have been shown to be activated by NADPH oxidases [68] .
Apoptosis
The loss of cardiomyocytes through apoptosis adversely affects overall contractile function and the progression to heart failure in the setting of chronic pressure-overload or adverse remodeling post-MI [69] and [70] . Oxidative stress is well known to induce cardiomyocyte apoptosis either indirectly, through damage to DNA, lipids and proteins, or more directly via the activation of pro-apoptotic signaling molecules such as ASK-1, JNK, ERK1/2 and p38 MAPK [68] . A number of studies have investigated the role of NADPH oxidase-derived ROS in cardiomyocyte apoptosis. Apocynin was reported to abolish the apoptotic response to angiotensin II in rat embryonal cardiomyocytes, suggesting the involvement of NADPH oxidase in this process, although as noted previously this inhibitor is now recognized to have non-specific antioxidant activity [71] . In vivo apocynin treatment also blunted the rise in myocardial NADPH oxidase activity, O2−radical dot produc on, cardiomyocyte apoptosis and eleva on of proapoptotic Bax protein in a rabbit model of MI, in association with an improvement in ventricular function [72] . A recent study by Mehta et al. [73] demonstrated that viral infection of cultured mouse cardiomyocytes with an active form of TGFβ1 (TGFβ1ACT) reduced apoptosis following hypoxia-reoxygenation together with a reduction in NADPH oxidase activity, O2−radical dot produc on and NF-κB expression. These findings were confirmed in vivo in rats subjected to intramyocardial injection of TGFβ1ACT followed by left coronary artery ligation.
The possible mechanisms underlying a pro-apoptotic role of Nox-derived ROS remain unclear. It has been proposed that angiotensin II-induced apoptosis is mediated, in part, via NADPH oxidase-dependent peroxynitrite formation and consequent DNA damage [74] . Likewise, TNFα-induced apoptosis of cultured mouse cardiomyocytes was reported to involve an NOS/NADPH oxidase-dependent, peroxynitrite-mediated signaling pathway [75] . In neonatal rat cardiomyocytes, aldosterone was shown to induce apoptosis by activating NADPH oxidase-mediated O2−radical dot production and ASK-1 [76] . Collectively, these studies suggest that NADPH oxidase-derived ROS may play a role in cardiomyocyte apoptosis in response to a number of pathogenic stimuli.
Contractile dysfunction
The decline in cardiac contractile function heralds the onset of a 'decompensated phase' in the evolution of heart failure. Multiple mechanisms contribute to myocardial dysfunction including altered excitation-contraction coupling, impaired myofilament calcium responsiveness, mitochondrial dysfunction and energy deficit, extracellular matrix remodeling and the loss of myocytes. A significant body of evidence implicates oxidative stress in the development of contractile dysfunction through one or more of these mechanisms [77] , [78] , [79] , [80] , [81] , [82] , [83] and [84] , but the potential role of NADPH oxidase-derived ROS remains to be established.
The preceding discussion on the effects of NADPH oxidase-derived ROS on calcium signaling clearly suggests their potential to influence contractile function. A few recent studies provide some direct evidence in support of this possibility. In work from our laboratory, we studied the possible contribution of Nox2 oxidase-derived ROS to contractile dysfunction in pressure-overload hypertrophy [85] . We found that Nox2−/− mice subjected to aor c banding had better contractile function than wild-types as assessed by echocardiography or ex vivo pressurevolume analyses despite having a similar degree of hypertrophy. This was confirmed at the cellular level in isolated ventricular myocytes from these animals and it was also shown that contractile function could be acutely improved in the wild-type group by treatment with N-acetylcysteine, suggesting that at least part of the defect was the result of acute changes in contractile properties (as opposed to altered expression of relevant proteins). Li et al. [86] demonstrated that the contractile defect in cardiomyocytes incubated with angiotensin II was abolished by apocynin in association with evidence of reduced activation of Nox2 oxidase. A similar involvement of NADPH-oxidase-derived ROS in cardiomyocyte dysfunction has been suggested in obesity [86] , streptozotocin-induced diabetes [87] and [88] , aging [89] and gram-negative sepsis [90] . Nox2 is also involved in post-MI contractile dysfunction as discussed in a subsequent section, although this may be secondary to improved remodeling. Finally, NADPH-oxidase-derived ROS may also influence ventricular function indirectly through the inactivation of nitric oxide, as demonstrated in a guinea pig model of chronic pressure-overload [91] .
Interstitial fibrosis
Interstitial and perivascular fibrosis are characteristic features of pathological ventricular hypertrophy [52] , the physiological consequences of which include -(i) increased myocardial stiffness resulting in greater diastolic filling pressures (i.e. diastolic dysfunction), (ii) disruption of myofibre organisation contributing to systolic dysfunction, (iii) altered myocardial electrical properties leading to arrhythmias and (iv) increased diffusion distances between coronary vessels and cardiomyocytes contributing to relative ischemia in the absence of overt coronary artery disease. A large body of evidence indicates that oxidative stress may be pro-fibrotic, while NADPH oxidase-derived ROS have been implicated in both interstitial and perivascular fibrosis in pathological cardiac hypertrophy (as indeed seems to be the case in peripheral blood vessels [13] and [22] ).
Work from our laboratory revealed that interstitial cardiac fibrosis was significantly attenuated in Nox2−/− mice subjected to either sub-pressor or pressor infusion of angiotensin II for 2 weeks, in association with reduction in NADPH oxidase activity [10] , [17] and [92] . Similarly, angiotensin II-induced interstitial fibrosis was inhibited in conditional Rac1 knockout mice [59] and ASK-1 knockout mice [67] . Johar et al. [92] further showed that interstitial fibrosis in response to chronic infusion of the mineralocorticoid receptor (MR) agonist aldosterone in combination with a salt diet was dependent on Nox2 oxidase since it was inhibited in Nox2−/− mice. Furthermore, the effects of angiotensin II could also be partially blocked by an MR receptor antagonist, spironolactone. These data are in line with the observation that interstitial cardiac fibrosis in MR-dependent hypertension in rats was associated with an increase in myocardial oxidative stress and Nox2 expression, [93] effects which were inhibited by chronic treatment with apocynin [94] . In addition, the extensive perivascular fibrosis observed following angiotensin II infusion in transgenic mRen2 rats was associated with chronically elevated tissue levels of angiotensin II, increased NADPH oxidase activity and O2−radical dot produc on [95] . Nox2 appears to have similar pro-fibrotic effects in mice subjected to chronic pressure-overload since Nox2−/− mice have significantly less inters al fibrosis despite a similar degree of hypertrophy to wild-types [85] .
Investigation into the mechanisms underlying angiotensin II-induced Nox2-dependent cardiac interstitial fibrosis revealed a marked upregulation of the profibrotic cytokine connective tissue growth factor (CTGF) and profibrotic genes (procollagen-1, procollagen-3 and fibronectin) in wild-type but not Nox2−/− mice. [92] . In addi on, the activation of NF-κB and matrix metalloproteinase-2 (MMP-2) were also found to be Nox2-dependent in this model. A similar Nox-dependent MMP activation in vascular smooth muscle has been shown in response to stretch and angiotensin II [96] and [97] . In ASK1 knockout mice subjected to angiotensin II infusion, the attenuation of interstitial fibrosis was associated with reduced p38MAPK and JNK activation [67] , although the anti-fibrotic effects may be secondary to reduced cardiomyocyte hypertrophy. In contrast to the above studies, it should be noted that studies in isolated cultured cardiac fibroblasts have implicated Nox4 NADPH oxidase in fibroblast proliferation and transformation into myofibroblasts [19] . An explanation for this apparent contradiction could well be the fact that interstitial fibrosis in vivo is a complex process involving interactions among multiple cell types; the evidence in support for a role of Nox2 in vivo appears strong but its cell-specific contribution and the in vivo role of Nox4 remain to be established.
Ventricular remodeling after myocardial infarction
Ventricular remodeling post-MI is characterized by myocyte death and marked inflammation in the infarct and periinfarct areas in the early phase followed by significant hypertrophy, fibrosis and prominent extracellular matrix remodeling in the non-infarcted myocardium in the later phase [98] and [99] . Enhanced oxidative stress post-MI has been consistently described in both clinical and experimental studies [100] . Indeed, a variety of antioxidant approaches could attenuate adverse ventricular remodeling after experimental MI [81] and [101] , thus implicating oxidative stress in this pathology.
Fukui et al. [102] were one of the first groups to suggest the involvement of NADPH oxidases in post-MI remodeling. These authors observed elevated Nox2 and p22phox expression levels in the rat myocardium after experimental MI. In a subsequent study, similar findings were reported in post-mortem myocardial samples from humans who had succumbed to acute MI [103] . More direct evidence for the involvement of Nox2 oxidase in adverse remodeling post-MI has come from studies in gene-modified mice. Dorries et al. [104] studied p47phox knockout mice and wildtype littermates subjected to left coronary ligation and found that the oxidase-deficient animals had significantly less remodeling with reduced ventricular dilatation and improved ejection fraction. Furthermore, the p47phox−/− mice had reduced myocyte apoptosis and improved overall survival despite similar infarct sizes to wild-type controls. We found essentially similar results in Nox2−/− mice subjected to experimental MI [105] . Nox2−/− animals had significantly less cavity dilatation and a higher fractional shortening after MI than their wild-type counterparts, and better systolic and diastolic function by in vivo cardiac catheterization. At the cellular level, Nox2−/− mice had less myocyte hypertrophy and reduced interstitial fibrosis in the non-infarcted myocardium, associated with a blunted increase in the mRNA expression of ANF, CTGF, procollagen-1 and fibronectin and an attenuation of MMP activation. Taken together, these studies highlight a crucial role of Nox2 oxidase in post-MI remodeling.
Ischemic preconditioning
Ischemic preconditioning refers to the cardioprotective phenomenon whereby transient episodes of ischemia result in significant protection against myocardial injury induced by subsequent prolonged ischemia [106] . The mechanisms underlying this potent protective effect still remain incompletely understood but inhibition of the mitochondrial permeability transition is increasingly considered to be an important terminal mechanism. Many experimental studies have highlighted the role of redox signaling in the cardioprotection offered by ischemic preconditioning [107] , [108] and [109] . While mitochondrial-derived ROS are widely considered to be involved in the pathway, there is also evidence for a signaling role of NADPH oxidase-derived ROS in the proximal pathways of preconditioning. Bell et al. [110] studied ischemic preconditioning in isolated buffer-perfused hearts from mice with a global deficiency of Nox2 (Nox2−/− mice) and matched wild-type mice, and showed that Nox2 knockout mice failed to precondition in response to brief global ischemia. In contrast, hearts of wild-type mice had enhanced NADPH oxidase activity and showed attenuated infarct sizes after preconditioning. However, the myocardium of Nox2−/− mice could s ll be preconditioned by an adenosine receptor agonist. Subsequently, other groups have reported an involvement of NADPH oxidase-derived ROS in the cardiac preconditioning induced by angiotensin II [111] and [112] and tachycardia or exercise [43] and [44] .
Further investigation into the signaling mechanisms involved in the above effects revealed that protein kinase C was essential for the activation of Nox2 oxidase in ischemic preconditioning [110] . In angiotensin II-dependent preconditioning, NADPH oxidase-induced activation of ASK-1 and p38MAPK were suggested to trigger mitochondrial ROS generation and consequent cardioprotection [111] , whilst in tachycardia/exercise-mediated preconditioning NADPH oxidase-induced modulation of SR Ca2+ release was proposed as the mechanism mediating the protective response [44] .
Conclusions
An increasing body of evidence implicates ROS-generating NADPH oxidases in redox signaling in cardiovascular cells and involvement in pathological processes such as cardiac hypertrophy, fibrosis, apoptosis and ventricular remodeling (Fig. 2) . In view of the lack of good pharmacological probes, data on the relative importance of different oxidase isoforms is currently best derived using specific molecular approaches. An involvement of Nox2 oxidase in several important cardiac conditions has been quite convincingly demonstrated in studies using mice deficient in Nox2 or other subunits required for its activation, although the precise signaling pathways downstream of the oxidase that are involved require further study. In contrast, very little is yet known about the in vivo roles of Nox4 oxidase. A better understanding of the regulation of these different Nox isoforms and their involvement in specific redox signaling pathways could allow the development of novel therapeutic strategies. Fig. 2. -Potential effects of NADPH oxidase-derived ROS in the cardiac myocyte. SR, sarcoplasmic reticulum, MMPs, matrix metalloproteinases; CICR, calcium-induced calcium release.
